Human apoE is a multifunctional and polymorphic protein synthesized and secreted by liver, brain, and tissue macrophages. Here we show that apoE isoforms and mutants expressed through lentiviral transduction display cell-specific differences in secretion efficiency. Whereas apoE3, apoE4, and a natural mutant of apoE4 (apoE-Cys 142 ) were efficiently secreted from macrophages, apoE2 and a non-natural apoE mutant (apoE-Cys 112 /Cys 142 ) were retained in the perinuclear region and only minimally secreted. The secretory block for apoE2 in macrophages was not affected by the ablation of LDLR (low density lipoprotein receptor), ABCA-1, or SR-BI (scavenger receptor class B type I) but was released in the absence of low density lipoprotein receptorrelated protein (LRP). In co-immunoprecipitation experiments, an anti-apoE antibody pulled down two times more LRP in apoE2-transduced macrophages than in apoE3-expressing macrophages. Non-reducing SDS-PAGE/Western blot analyses showed that macrophage apoE2 is mostly dimeric and multimeric, whereas apoE3 is predominantly monomeric. ApoE2 retention and multimer formation also occurred in human macrophages derived from the monocyte cell line THP-1. These results were specific for macrophages, as in transduced mouse primary hepatocytes: 1) ApoE2 was secreted as efficiently as apoE3 and apoE4; 2) all isoforms were exclusively in monomeric form; 3) there was no co-immunoprecipitation of apoE and LRP. A microsomal triglyceride transfer protein (MTP) inhibitor nearly deleted apoB100 secretion from hepatocytes without affecting apoE secretion. These data show that macrophages retain apoE2, a highly expressed protein carried by about 8% of the human population. Given the role of locally produced apoE in regulating cholesterol efflux, modulating inflammation, and controlling oxidative stress, this unique property of apoE2 may have important impacts on atherogenesis.
ApoE, 2 a 299-residue exchangeable plasma apolipoprotein, is a major player in lipoprotein metabolism and cardiovascular disease (1) . It also plays critical roles in many other important biological processes, including Alzheimer disease and cognitive function, immunoregulation and response to infectious agents, intracellular cholesterol trafficking and control of oxidation, and apoptosis (2) . ApoE is synthesized and secreted primarily by the liver but also by brain, skin, and tissue macrophages throughout the body (1, 3) . Although most lipoprotein-associated apoE is of hepatic origin, macrophage apoE is a major regulator of cholesterol entry and exit within the atherosclerotic plaque. The atheroprotective role of macrophage apoE has been well documented. Macrophage-derived apoE has been shown to protect against atherosclerosis, both early (4 -6) and late during plaque development (7, 8) , and even when expressed in amounts too low to affect plasma lipid levels (9) . Moreover, C57BL/6 mice reconstituted with apoE Ϫ/Ϫ bone marrow develop 10-fold more atherosclerosis than control mice fed a butter fat diet without any differences in plasma lipid levels (10) . The atherogenic effect of apoE deletion from macrophages has also been confirmed in other mouse models, including apoAI Ϫ/Ϫ (11) and LDLR Ϫ/Ϫ (7) mice. Macrophage apoE exerts its atheroprotective effects not only through an influence on plasma and cellular cholesterol metabolism (12, 13) but also through non-lipid effects including control of oxidation and cell proliferation (14 -16) .
Experimental evidence suggests that hepatocyte-derived apoE and macrophage-derived apoE either are functionally different or operate at different physiologic thresholds. For example, we showed that macrophage apoE will not induce lipoprotein clearance in LDLR Ϫ/Ϫ apoE Ϫ/Ϫ mice even at plasma concentrations up to 17 times above normal (17) . This indicates that hepatocyte apoE has a unique effect on lipoprotein capture and internalization by LRP when the LDLR is absent. Conversely, low plasma levels of apoE derived from the liver are able to maintain normolipidemia, whereas correspondingly low levels of apoE derived from the macrophage are associated with elevated cholesterol in the same murine model (18) . * This work was supported by National Institutes of Health Grant HL-057986 (to S. F.) and an American Heart Association Postdoctoral Fellowship (to D. F.). This study was also supported in part by the Lipid, Lipoprotein, and Atherosclerosis Core of the Vanderbilt Mouse Metabolic Phenotyping Centers (National Institutes of Health Grant DK59637). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. (19) . The polymorphism of human apoE profoundly influences its functions due to the isoform-dependent differences in receptor binding activity and lipoprotein association preference. For example, apoE2 has drastically reduced LDLR binding activity compared with apoE3 and apoE4. Also, whereas apoE2 and apoE3 mostly associate with HDL, apoE4 preferentially binds to VLDL (2) . In addition, apoE4 has been implicated in the development of Alzheimer disease (20) . The structural basis underlying this functional variability has been thoroughly investigated (21) (22) (23) (24) (25) (26) (27) (28) , but the structure of full-length apoE has not yet been solved. Other than the three common isoforms, there are numerous apoE rare variants associated with abnormal lipid levels; among them, apoE-Cys 142 causes dominant type III hyperlipidemia because of severely impaired heparin binding activity (29, 30) .
To investigate the mechanisms of functional variation between apoE isoforms and mutants in different cells, we developed a highly efficient lentivirus-based transduction system for human apoE. Using this system, we introduced high level expression of the three human apoE isoforms and two mutants into mouse primary macrophages and hepatocytes to study apoE secretion patterns. We identified a unique LRP-mediated processing of apoE2 by macrophages leading to intracellular retention and impared secretion of this isoform, likely due to multimerization of the protein. Given the importance of macrophage apoE in the local regulation of atherogenesis, these findings may have relevance for the many individuals carrying the apoE2 isoform. Lentiviral Constructs Generation-Human immunodeficiency virus-based lentiviral vectors PWPT-GFP and PWPI-GFP were kindly provided by Dr. Dider Trono (Lausanne, Switzerland). A pGL3 plasmid containing human apoE multimer enhancer 1 (ME1) and human apoE promoter (apoE-p) was a gift from Dr. John Tayor (San Francisco); pET32a plasmids harboring human apoE2 and apoE4 cDNA were provided by Dr. Karl Weisgraber. First, ME1-apoE-p sequence was subcloned in a pBlueScript II (pBSII) vector, followed by human apoE cDNA (954 bps) and human growth hormone poly(A) tail as a transcriptional termination signal to generate pBSII-apoE2 and pBSII-apoE4; second, pBSII-apoE3, pBSII-apoE-Cys 142 , and pBSII-apoE-Cys 112 /Cys 142 were generated by site-directed mutagenesis using pBSII-apoE2 or pBSII-apoE4 as template; last, the fragments of ME1-apoE-p-apoE cDNA were amplified by PCR from pBSII constructs and subcloned in PWPT-GFP vector in place of EF-1 short promoter and GFP sequence. The final lentiviral constructs were designated as PWPT-apoE2, PWPT-apoE3, PWPT-apoE4, PWPT-apoEC (apoE-Cys-142 ), and PWPT-apoECC (apoE-Cys 112 /Cys 142 ). Bi-cistronic expression constructs were also generated for human apoE2, apoE3 and apoE4, designated PWPI-apoE-GFP. Briefly, apoE coding sequence (954 bp) was subcloned into PWPI-GFP vector using single enzyme (PmeI) insertion and direction screening. Supplemental Fig. 1 shows a schematic drawing of the lentiviral apoE constructs. The sequence of all constructs was verified by DNA sequencing.
EXPERIMENTAL PROCEDURES
Transfection and Viral Production-Lentiviral expression plasmid for human apoE, along with packaging plasmid pCMV⌬R8.91 and envelope plasmid pMD2.G (both courtesy of Dr. Dider Trono) were co-transferred with a mass ratio of 3:2:1 into 30 -40% confluent human embryonic kidney epithelical cell line (HEK) 293T cells using ProFection mammalian transfection system (Promega, catalog number E1200) following the manufacture's instructions. Six to eight hours later the medium was changed to new DMEM medium with 10% FBS to collect viral particles for 48 h. The viral particle suspension was filtered and subjected to ultracentrifugation at 26,000 rpm for 2 h on a Beckman L-80 ultracentrifuge and to remove medium; and the viral particles were re-suspended in a small volume of PBS. The titer of concentrated viral particle suspension is determined by standard HeLa titer procedure using GFP-lentiviral suspension prepared from a parallel transfection and PWPI-apoE-GFP lentiviral suspensions.
Peritoneal Macrophage Preparation and TransductionPeritoneal macrophages were elicited from mice by injection of 3 ml 3% thioglycollate and harvested 3 days later by injecting 10 ml PBS into peritoneal cavity and collecting the exudate cells (8) . Exudate cells were allowed to adhere for 1 h and nonadherent cells were washed from plates. The remaining macrophage-enriched adherent cells were scraped off plates and suspended in DMEM with 10% FBS at desired cell density. For macrophage transduction, 1 ϫ 10 6 cells in 1 ml medium was plated to each well of 24-well plate, proper amount of viral concentrate (m.o.i. ϭ 15 ϳ 30) was added to each well and mixed and the plate was spun at 1000 ϫ g for 1 h at 25°C. Sixteen to twenty-four hours later, the medium was changed to DMEM with 1% FBS. Another 24 -48 h later, the medium and cells were collected for Western blot analysis of apoE production and secretion or for total RNA extraction.
Transduction of THP-1 Cells-THP-1 cells were cultured in DMEM with 1% FBS at 10 6 /well in 12-well plate and were induced to differentiate by phorbol ester 12-O-tetradecanoylphobol-13-acetate (15 ng/ml). After cell differentiation for 72 h, the attached mature macrophages were transduced with lentiviruses as described above for primary mouse macrophages.
Primary Hepatocyte Isolation and Transduction-Hepatocytes were isolated as described previously (31) . The desired number of viral particles (m.o.i. ϭ 30) were coated by Retronec-tin (TaKaRa Bio Inc.) to 12-well poly-D-lysine-coated dishes (BD Biosciences) following the manufacture's instructions. Cells at a density of 5 ϫ 10 5 viable cells/ml (1 ϫ 10 6 cells/well in 12-well culture dish) were plated onto human apoE or control lentivirus coated dish and cultured as described (32) . Four hours after plating, the medium along with nonadherent cells was removed, and fresh medium was added. Forty-eight hours later, the medium and cell lysates were collected for Western blot analysis. For MTP inhibitor treatment, 200 nM BMS197636 was added to the fresh medium when the medium was changed 4 h after plating.
Western Blot-Culture medium and cell lysates proteins were separated by NuPAGE 4 -12% BisTris gels (Invitrogen) and transferred to nitrocellulose membranes (Amersham Bioscience). The primary antibody against human apoE was a polyclonal goat anti-human apoE (Academy Bio-Medical Co., catalog number 50A-G1b); the primary antibody against mouse LRP was a polyclonal rabbit anti-mouse LRP (Dr. Joachim Herz, UTSW, Dallas), which specifically recognizes the 85-kDa fragment of LRP (33, 34) , and has no cross-reactivity with any receptors in LRP Ϫ/Ϫ macrophage (35); the primary antibody against mouse apoB48/100 was a polyclonal rabbit anti-mouse apoB (BioDesign, catalog number K23300R). The secondary antibodies were horseradish peroxidase-conjugated rabbit anti-goat IgG and goat anti-rabbit IgG (Amersham Biosciences). Signal was detected using the ECL kit (Amersham Biosciences).
Co-immunoprecipitation-Transduced macrophages or hepatocytes were lysed with cell lysis buffer containing 20 mM Tris pH 7.5, 100 mM NaCl, 0.5% Nonidet P-40, 0.5 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, and 0.5% protease inhibitor mixture (Sigma). The cell extracts were spun at top speed at 4°C to remove cell debris and checked for the protein concentration using a Lowry assay (36) . Ten micrograms of monoclonal antibody against human apoE (BioDesign, catalog number H11004M) was added to 500 g of cell protein in 500-l volume. The mixture was incubated for 2 h at 4°C with constant shaking; 30 l of washed protein G beads (New England Biolabs) was added, and the mixture was further incubated for 2 h at 4°C with shaking. The tubes were put on a Magnetic Separation Rack (New England Biolabs), the solution was removed, and the beads were washed four times with cell lysis buffer. Sixty microliters 3ϫ SDS-PAGE sample buffer with ␤-mecaptomethanol were added to the beads and the beads were boiled for 5 min. The tubes were put on the rack again and the solution was loaded to SDS-PAGE for detecting human apoE and mouse LRP by Western blots.
Immunofluorescence Staining and Confocal MicroscopyConfocal microscopy was used to determine the cellular localization of apoE. Macrophages were transduced in Lab-Tek Chamber Slide TM (Nalge Nunc International, Rochester, NY). Twenty-four hours after transduction, medium was changed to DMEM with 1% FBS. After further incubation for 24 h, macrophages were washed once with ice-cold PBS before fixation in 2% paraformaldehyde for 30 min on ice and permeabilized in 0.1% Triton X-100 in PBS before addition of polyclonal rabbit anti-human apoE antibody (Dako). To differentiate cell surface apoE from internal apoE, we stained nonpermeabilized cells; macrophages were fixed as above and then incubated in 5% normal goat serum in PBS for 30 min on ice before antibody addition. Antibodies were diluted in 5% normal goat serum in PBS and incubated for 1 h at room temperature; samples were washed with PBS after antibody incubation. Cells then were incubated with goat-anti-rabbit F(ab) fragment-TRITC (Jackson ImmunoResearch Laboratories) in 5% normal goat serum PBS for 1 h and washed twice with PBS before mounting. Digital images were acquired with a Zeiss LSM510 confocal microscope using a 40ϫ oil immersion lens (numerical aperture 1.3). For comparison of the fluorescent intensity of cell labeling, all images from the same experiment were acquired with identical settings for laser power, photomultiplier gain, offset, and pinhole sizes. Both single and stack of images were taken across the focal planes that showed maximal fluorescent intensity for each sample.
RESULTS

ApoE2 Secretion in Macrophages-
The lentiviral apoE transduction system resulted in an efficiency of transduction higher than 90% for a m.o.i. of 30 in mouse primary macrophages (data not shown). Twenty-four hours after transduction, PCR showed very similar apoE mRNA levels among macrophages transduced with the different apoE isoforms and mutants (Fig.  1A) . Interestingly, Western blot analyses showed that whereas apoE3, apoE4, and apoE-Cys 142 (apoEC) were almost completely secreted to the cell culture medium by 24 h after transduction, only trace amounts of apoE2 were detected in the medium, and the protein was retained intact inside the macrophages (Fig. 1A) . After incubation with normal mouse HDL (50 g of protein/ml of medium), the secretion of both apoE3 and apoE2 was significantly increased above control conditions, 1.8-and 2.2-fold, respectively (Fig. 1B) , indicating that the secretory block for apoE2 can be partially released by HDL. Support to the notion that the blocked apoE2 secretion is not absolute was also given by the observation that by 3 days after transduction, the apoE2 in the medium of transduced macrophages reached a level close to that of apoE3 at 24 h post-transduction (Fig. 1C) . However, even with prolonged incubations (up to 9 days) apoE2 continued to be mostly retained in macrophages and did not accumulate in the medium (Fig. 1D) .
To explore whether the presence of two cysteines in apoE2 explains its intracellular retention and secretory block in macrophages, we generated a non-natural double-cysteine apoE mutant construct (apoE-Cys 112 /Cys 142 , defined as apoECC). Fig. 1E shows that the double cysteine mutant, like apoE2, was retained intact and inefficiently secreted by macrophages. Fig. 2 shows a stronger immunofluorescence signal for apoE2 compared with apoE3 in macrophages transduced with either PWPT (A and B) or PWPI (C and D) apoE lentiviruses. However, there were no differences in localization, with both apoE2 (A and C) and apoE3 (B and D) predominantly in the perinuclear region.
To identify the involvement of lipoprotein receptors or cholesterol transporters in the apoE2 secretion block, we transduced macrophages of different genotypes, including wildtype, ABCA1 Ϫ/Ϫ , apoE Ϫ/Ϫ /LDLR Ϫ/Ϫ , and apoE
The results show that the repressed secretion of apoE2 is not sensitive to or modifiable by endogenous apoE, ABCA1, LDLR, or SR-BI (Fig. 3) . Interestingly, the apoE2 secretory block was not observed in LRP Ϫ/Ϫ macrophages (Fig. 4A) . To exclude the possibility that the apparent apoE2 retention may result from a preferential LRP-mediated apoE2 re-uptake by macrophages, we treated transduced apoE Ϫ/Ϫ macrophages with RAP protein (250 nM) to block cell surface LRP. Fig. 4B shows that RAP had no effect on apoE2, apoE3, and apoE4 secretion and intracellular retention, suggesting that LRP interacts with apoE2 inside the cell to block its secretion.
ApoE2 Forms Disulfide Bond-linked Multimers in Macrophages and Binds to LRP-As observed above, because both double cysteine apoE (apoE2 and apoECC) were retained in macrophages, we reasoned that formation of intermolecular disulfide bonds could explain the retention phenomenon. Therefore, we used non-reducing conditions to check whether apoE2 forms intracellular disulfide-bond linked multimers. Fig.  5A shows that apoE2 was in the form of dimer, trimer, tetramer, and higher multimers inside the macrophage while accumulating mainly as a dimer in the medium. On the other hand, apoE3 was mostly monomeric both inside macrophages and in the medium.
To investigate whether apoE2 retention is caused by binding of this isoform to LRP, we performed co-immunoprecipitation experiments with a monoclonal anti-human apoE antibody to precipitate human apoE from the cell lysate and culture FIGURE 1. Human apoE2 is retained by primary macrophages. Thioglycollate-elicited apoE Ϫ/Ϫ mouse peritoneal macrophages were transduced with human apoE lentiviruses. A, 24 h after transduction, apoE in media and cell lysate were analyzed by Western blot; some cells were used to extract total mRNA, which was reversely transcribed to cDNA as template to measure the apoE transcript by PCR. EC, apoE-Cys
142
. B, 24 h after transduction, the culture media were changed to DMEM alone or with 50 g (protein) of HDL/ml for another 24 h before the media were collected for Western blot. C, the medium samples collected at day 1 and day 3 were analyzed for apoE. D, the secretion and retention of apoE isoforms after prolonged macrophage post-transduction incubation were compared by Western blot. E, secretion of a non-natural double cysteine mutant, apoE-Cys 112 /Cys 142 (ECC), was compared with apoE2 and apoE3. Ϫ/Ϫ macrophages were transduced with apoE lentiviruses; cell lysate and conditioned media were blotted by antihuman apoE antibody. B, the addition of 250 nM recombinant RAP protein to the medium did not affect secretion of apoE isoforms from transduced apoE Ϫ/Ϫ macrophages.
medium of transduced macrophages. Fig. 5B shows that coimmunoprecipitation of LRP was two times higher in apoE2 macrophages than in apoE3 macrophages, in a manner roughly proportional to the amounts of precipitated apoE (1.8-fold more apoE2 than apoE3). Taking advantage of the ability to distinguish macrophage apoE2 from apoE3 and apoE4 by conformation via non-reducing SDS-PAGE/Western blot, we co-transduced macrophages with apoE2 and either apoE3 or apoE4 to determine whether the apoE2 retention would have a dominant-negative effect on other isoforms, causing either increased apoE3 retention or enhanced apoE2 secretion. Fig. 6 shows that the distribution of bands in doubly transduced macrophages is equal to the sum of the bands in singly transduced cells, suggesting that apoE isoforms do not cross-influence conformation and trafficking pathway in a dominant-negative loop.
To rule out the possibility that overexpressed human apoE2 could be artificially retained in mouse macrophages and to test whether the secretory block of apoE2 also occurs in human macrophages, we transduced macrophages derived from the human monocyte THP-1 cell line. Since THP-1-derived macrophages produce endogenous human apoE3, we adjusted the lentiviral MOI so that synthesis of the transduced apoE would occur at comparable levels to endogenous apoE3. Non-reducing SDS-PAGE/Western blot analysis showed that apoE2 was mainly retained in macrophages in dimers and trimers, with minimal secretion into the culture medium, whereas apoE3 and apoE4 were efficiently secreted, apoE3 as monomers and dimers and apoE4 as monomers (Fig. 7) .
ApoE Secretion from Primary Hepatocytes-We next studied whether the impaired secretion of apoE2 also occurs in hepatocytes. Primary hepatocytes from apoE Ϫ/Ϫ mice were transduced with apoE2, apoE3, apoE4, and apoEC lentiviruses. Nonreducing SDS-PAGE/Western blots showed that all of the apoE isoforms were efficiently secreted by the hepatocytes. Also, in striking contrast with the results obtained with transduced macrophages, all apoE isoforms in hepatocytes were exclusively monomeric (Fig. 8A) . The anti-human apoE antibody precipitated comparable amounts of apoE from apoE2 or apoE3 transduced hepatocytes (Fig. 8B ), but no LRP was co-precipitated (Fig. 8C) .
To study whether the different secretory trajectory shown by apoE in hepatocytes was linked to its association and exocytosis with newly formed apoB-containing lipoproteins, we treated transduced hepatocytes with the MTP inhibitor BMS-197636 to block VLDL assembly. Fig. 9 shows that even though the apoB100 secretion was nearly completely abolished by MTP inhibition, the secretion efficiency of apoE2 as well as apoB48 was not affected.
DISCUSSION
In this study, we took advantage of a highly efficient lentiviral gene delivery system to induce high level expression of human apoE isoforms in primary mouse macrophages and hepatocytes. We found that apoE molecules with two cysteines (apoE2 and apoE-Cys 112 /Cys 142 ) were inefficiently secreted from primary macrophages, and apoE2 was mostly present in the form of dimers and higher multimers linked by intermolecular disulfide bonds. The secretory block and multimer formation of Ϫ/Ϫ macrophages. B, LRP was co-immunoprecipitated with apoE from cell lysates of transduced macrophages. The cell lysate and culture medium were precipitated by anti-human apoE monoclonal antibody under native condition; the precipitate then was blotted by goat anti-human apoE antibody and rabbit anti-mouse LRP antibody. FIGURE 6. Effect of co-transduction of apoE2 with other isoforms on the secretion of apoE from macrophages. ApoE Ϫ/Ϫ macrophages were transduced with apoE2, E3 or E4 alone, or co-transduced with E2 and E3 or E2 and E4. The conditioned medium and cell lysates were subjected to non-reducing SDS-PAGE and Western blot. FIGURE 7. ApoE2 secretion is impaired in THP-1-derived human macrophages. THP-1-derived macrophages were transduced with lentiviruses; 24 h after transduction, culture media and cell lysates were analyzed for apoE by non-reducing SDS-PAGE and Western blot. Note: THP-1-derived macrophages are apoE3-expressing cells; they synthesize and secrete human apoE3 (as indicated in the lanes with GFP transduction).
apoE2 were also found true in human THP-1 macrophages even when apoE2 was at a 1:1 ratio with endogenous human apoE3. The apoE multimers were bound to LRP and retained in the secretion pathway possibly because of this association. On the other hand, primary hepatocytes secreted double cysteine apoE molecules as efficiently as the other apoE variants, and all of apoE forms were exclusively in monomeric form and not associated with LRP.
The most interesting finding of this study is the previously unknown secretion block of apoE2 from macrophages (Fig. 1) . Secretion of apoE from macrophages is believed to influence cholesterol efflux, thus protecting against the development of atherosclerosis. In this sense, rapid secretion of apoE from macrophages may be seen as beneficial (5) . On the other hand, intracellular retention of apoE in some other cell types, for example neurons, may positively correlate to cellular functions including neurite outgrowth and stabilization of the cytoskeleton (37) and therefore may be more desirable than efficient secretion. Macrophage apoE secretion is regulated by multiple mechanisms, including post-transcriptional glycosylation (38) , intracellular sterol milieu (39) , cholesterol loading (40, 41) , cell surface receptor expression (42) (43) (44) , and presence of apoAI/ HDL in the culture medium (45) . Whether the secretory block of apoE2 affects cholesterol homeostasis or other aspects of macrophage biology (i.e. anti-oxidation) is currently under investigation. Studies on monocyte-derived macrophages isolated from E2/E2, E3/E3, or E4/E4 subjects showed that E2 cells secreted less apoE than E3 or E4 cells but were more protected from cholesterol accumulation than E3 macrophages (40) . In our study the apoE2 secretion block was not absolute, and the secretion was improved by HDL stimulation and with prolonged culture time (Fig. 1, B and C) , suggesting that under certain stimuli macrophage apoE2 may be secreted for an extracellular effect.
The mechanism underlying the apoE2 secretory block in macrophages may be related to the formation of disulfide bondlinked apoE2 dimers and higher multimers which bind to LRP intracellularly. The evidence includes: 1) LRP Ϫ/Ϫ macrophages, but not ABCA1 Ϫ/Ϫ , LDLR Ϫ/Ϫ , and SR-B1 Ϫ/Ϫ macrophages, secrete apoE2 efficiently (Figs. 3 and 4) ; 2) apoE2 binds to LRP in macrophages (Fig. 5B); 3) apoE2 forms dimers and higher multimers in macrophages (Fig. 5A) ; 4) another multimerprone mutant (apoE-Cys 112 /Cys 142 ) is also retained inside macrophages (Fig. 1D) ; 5) incubation with RAP does not increase apoE2 in the medium (Fig. 4B) ; 6) the intracellular location of apoE2 is compatible with a block in its secretory routing (Fig. 2) . Even though the existence of a bridging protein cannot be excluded, direct apoE-LRP interaction is likely accountable for this phenomenon. LRP prefers lipid-bound apoE but also binds avidly to lipid-free apoE aggregates or disulfide-linked dimers (46 -48) . It is known that chaperone molecules like RAP bind to LRP during its maturation and intracellular transport and prevent ligands like apoE from binding to LRP (49, 50) . Whether the binding of the apoE2 multimers to LRP and the retention of apoE2-LRP complex in macrophages leads to dysfunction of LRP remains to be explored.
This study revealed a striking difference between hepatocyte apoE and macrophage apoE. Whereas macrophages retained apoE2 as dimers and higher multimers bound to LRP, apoE2 in hepatocytes was efficiently secreted, was primarily monomeric both inside the cell and upon secretion, and did not bind to LRP (Fig. 8 ). These differences could result from the different lipidation status and conformation of apoE in the two cell types, as macrophage apoE is lipid-poor, whereas hepatocyte apoE is secreted as a component of lipoprotein particles. Hepatocytes recruit newly synthesized apoE into nascent VLDL during transit through the endoplasmic reticulum and therefore can potentially rescue apoE2 from the LRP-mediated trapping observed in macrophages. To test whether this was indeed the FIGURE 8. Human apoE is secreted from hepatocytes as monomers without isoform-dependent differences and does not bind to LRP. ApoE Ϫ/Ϫ mouse primary hepatocytes were transduced with human apoE isoforms and a variant apoE-Cys 142 (EC). A, non-reducing SDS-PAGE and Western blot of cell lysate and conditioned medium of transduced hepatocytes. B and C, the cell lysates of apoE2-and apoE3-transduced hepatocytes were precipitated by anti-human apoE monoclonal antibody; the precipitate was then blotted for human apoE (B) or mouse LRP (C) under reducing conditions. FIGURE 9. ApoE secretion from hepatocytes is not dependent on apoB100 secretion. ApoE Ϫ/Ϫ mouse primary hepatocytes were transduced with human apoE2 or apoE3 lentiviruses, with or without MTP inhibitor added in the culture medium. The cell lysate and culture medium were blotted for human apoE and mouse apoB.
cause for the difference in apoE2 handling between hepatocytes and macrophages, we used an MTP inhibitor to block VLDL secretion, with the intent of allowing hepatocyte apoE to move along the secretory pathway as a lipid-poor protein. The MTP inhibitor completely blocked apoB100 secretion but had no effect on apoE2 release (Fig. 9) . Although secretion of apoB48 lipoproteins was not inhibited, we believe the experiment provides data strongly suggestive of the possibility that the normal processing of apoE2 in hepatocytes is not due to its being embedded with the newly forming apoB-containing lipoproteins.
A likely explanation for the difference in hepatocyte and macrophage apoE handling is that the lipidation of hepatocyte apoE molecules prevents the formation of intermolecular disulfide bonds. Additionally, the concentration of apoE on the lipoprotein particle surface may be lower than the threshold for intracellular binding to LRP, since it is known that native VLDL particles need to be enriched with large amounts of apoE extracellularly to display sufficient LRP/HSPG binding on hepatocyte surface (51, 52) .
Experimental evidence suggests that hepatocyte-derived apoE and macrophage-derived apoE may be either functionally different or operate at different physiologic thresholds (10, 17, 18, (53) (54) (55) (56) (57) (58) (59) (60) . The difference in their conformation suggested in this study may underlie the functional difference between hepatocyte and macrophage apoE.
ApoE isoforms have profound functional implications relevant to many human diseases. While apoE4 is associated with increased risk for both cardiovascular disease and Alzheimer disease (20) , apoE2 has been suggested to be protective despite the fact that 10% of the homozygous apoE2 subjects develop the atherogenic type III hyperlipidemia (61) . Whether secretion block of apoE2 from macrophages contributes to its specific role in the development of atherosclerosis warrants further investigation.
In addition, apoE3 has been shown in human plasma to form either homodimers (62) or heterodimers with apoAII (63); and both of the dimer forms displayed a marked preference for HDL (62, 64) . By column chromatography apoE3-AII heterodimer and apoE3-apoE3 homodimer were found to account for ϳ26 and ϳ28% of total apoE3 in plasma (62) , but it is not clear how and where the dimerization takes place. We showed that, in macrophages apoE2 and apoE3 formed dimers or higher multimers while secreted (Fig. 5A) , whereas both apoE2 and apoE3 were secreted from hepatocytes exclusively as monomers (Fig. 8A) . These results suggest that the dimers of apoE3 and multimers of apoE2 in plasma may come from macrophages.
In conclusion, our data suggest that apoE adopts a unique conformation in macrophages, leading to poor secretion and intracellular retention of the apoE2 isoform, which accumulates in multimeric forms and binds to LRP. Given the large biologic effect of macrophage apoE in atherogenesis and the high prevalence of the apoE2 isoform in human populations, these results may have wide relevance to the pathogenesis of the arterial plaque.
